Accurate chromosome segregation is essential to ensure genomic stability because the aneuploidy that results from segregation errors leads to birth defects and contributes to the development of cancer. Chromosome segregation is directed by the kinetochore, the chromosomal site of attachment to dynamic polymers called microtubules (MTs). Although the fidelity of chromosome segregation depends on precise interactions between kinetochores and MTs, it is still unclear how this interaction is mediated and regulated. Here we discuss current progress in determining how kinetochores assemble and attach to MTs during mitosis as well as how they correct errors.
Introduction
The mitotic spindle is the molecular machine used to segregate chromosomes to the daughter cells during mitosis. Key to this process is the kinetochore, a proteinaceous structure that assembles on the centromeric DNA. The eukaryotic kinetochore plays several central roles during mitosis. First, it is the site of attachment of microtubules to the chromosome to allow the chromosomes to properly align and segregate on the spindle. Second, it contains molecular motor proteins that orchestrate the complex movements of chromosomes during mitosis. Finally, the kinetochore serves as the site of assembly for the checkpoint machinery -a set of proteins that assures that the chromosomes are properly attached to and aligned on the spindle prior to the initiation of anaphase. Here we discuss the budding yeast kinetochore, where many new kinetochore components have been identified, as well as the vertebrate kinetochore, where many of the classic studies defining kinetochore structure and function were performed.
Kinetochore Specification
In most eukaryotic organisms, chromosomes contain a single kinetochore that we define here as the site of MT attachment on each chromosome. However, a few organisms, such as Caenorhabditis elegans, have chromosomes with multiple kinetochores, termed holocentric chromosomes. Most kinetochores bind multiple MTs, except in budding yeast, where they attach to only a single MT [1, 2] . Although the fidelity of segregation depends on kinetochores assembling on one and only one region of a chromosome, it is not yet clear what specifies the site of assembly.
The region of DNA to which kinetochore proteins bind is the centromere ( Figure 1A ). Human centromeres are characterized by large arrays of 171-bp α α-satellite repeats that are embedded in heterochromatin. In some cases, α α-satellite repeats have been sufficient to induce kinetochore assembly [3] . However, α α-satellite repeats do not have a strict DNA sequence and, therefore, organisms must also rely on an epigenetic component to direct kinetochore assembly. The lack of strict sequence requirements for centromere identity is best demonstrated by the existence of human neocentromeres that are devoid of α α-satellite repeats but assemble into functional kinetochores [4] . Although the 125 bp budding yeast centromere contains three conserved elements with several sequence requirements ( Figure 1A ), recent data suggest that there are also epigenetic components that specify kinetochore assembly [5] . In general, all eukaryotic organisms employ both sequence based and epigenetic components to varying degrees to propagate kinetochore assembly (for a comprehensive review, see [6] ).
The epigenetic mark for kinetochore assembly is unknown, but one feature of all kinetochores is a histone H3 variant called CENP-A in vertebrates or Cse4p in budding yeast (for reviews, see [7, 8] ). Although active neocentromeres may not contain any α α-satellite DNA, the histone H3 variant is always present [9, 10] . This raises the intriguing possibility that the centromeric H3 epigenetically marks the centromere. However, since CENP-A is not sufficient to initiate kinetochore assembly [11, 12] , the minimal requirements for kinetochore formation still need to be elucidated. freezing, the vertebrate kinetochore appears as a mat of lightly stained material that abuts the centromeric heterochromatin. The MTs end in this mat, and it is, therefore, thought to correspond to the outer plate of conventionally fixed samples. Extending from the mat is a zone 100-150 nm thick, which is cleared of ribosomes and other cytoplasmic components. This zone is probably analogous to the fibrous corona seen in traditional preparations. Intriguingly, the holocentric chromosomes of C. elegans have a similar appearance when prepared by this technique [17], suggesting that the higher order structure of the kinetochore is similar despite the different numbers of MT attachment sites along the chromosomes. Although size constraints have limited the development of a working structural model of the budding yeast kinetochore, EM studies on the Schizosaccharomyces pombe yeast kinetochore suggest that the general structure will be conserved throughout eukaryotes [18].
Kinetochore Microtubule Attachments
The vertebrate 'search-and-capture' model of mitosis serves as the textbook paradigm for how chromosomes become properly attached to and aligned on the spindle (Figure 2A) For any type of spindle assembly, there are several common questions: how do MTs attach to the kinetochore, which molecules are important for mediating these attachments, how does the attachment maintain itself through rounds of MT polymerization and depolymerization, and how do chromosomes become and remain bi-oriented on the spindle? We now focus on how the kinetochore structure assembles and ultimately mediates attachment of the chromosomes to the MTs. 
Kinetochore Assembly
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Inner kinetochore Dam1 directing assembly of Ctf19, followed by the Ndc80, Ipl1 and Dam1 complexes. However, this is an approximate dependency relationship, and the actual order of assembly still needs to be directly tested in vivo and in vitro. In addition, many kinetochore proteins, such as motor proteins and MT-associated proteins (MAPs) (see Figure 3A) , need to be added to the picture of yeast kinetochore assembly.
In Given the large number of kinetochore proteins, the current challenge is to understand how their assembly into a functional kinetochore is regulated. Studies on vertebrate kinetochore assembly have been lagging due to the inability to effectively abrogate protein function, but the introduction of siRNA technology in cell culture will advance studies in this area. Furthermore, identification and characterization of additional kinetochore components in Xenopus will allow for biochemical dissection of kinetochore assembly. In the future, reconstruction and dependency experiments in vivo and in vitro should provide additional details about kinetochore assembly in various organisms.
Protein Complexes that Mediate MT Attachments
Once kinetochores assemble, they must capture dynamic MTs. To elucidate the mechanism of MT attachment, it is critical to identify the proteins that mediate this event. A combination of genetics and biochemical studies has identified many key players, which we discuss next.
Analysis of Yeast Mutants Defective in Chromosome Segregation
Many genes required for chromosome segregation have been identified in budding yeast. Although yeast genetics has been powerful in identifying mutants, the lack of good cytological techniques has made it difficult to determine the precise nature of the defects. The development of methods to fluorescently mark yeast chromosomes has recently aided studies [68] . In general, the types of kinetochore defects that result in chromosome mis-segregation include a complete lack of MT attachments, partial or weak MT attachments, or a defect in making bi-oriented MT attachments. Yeast kinetochore mutants exhibit four common classes of phenotypes, although many mutant strains contain mixed populations due to leaky phenotypes or additional spindle and checkpoint defects (Figure 4) .
In For instance, the CBF3 complex is required for the assembly of all kinetochore proteins, and it is not sufficient to mediate MT attachments in vitro [71] , making it unlikely to bind directly to MTs. In addition, the lack of checkpoint activation is consistent with the absence of a kinetochore structure that prevents the proper localization of the checkpoint machinery. In contrast to the CBF3 mutants, mutants in the Ndc80 complex do not completely abolish the kinetochore structure despite a lack of MT attachment [50], making it a good candidate for a complex that mediates MT attachment. However, since the purified Ndc80 complex has not been shown to bind directly to MTs, it is unlikely to form MT attachments directly.
A A final class of yeast kinetochore mutants contains those that exhibit subtle chromosome loss phenotypes, presumably due to functional redundancy. This includes the non-essential kinetochore proteins in the Ctf19 complex, the budding yeast motor proteins, the MAPs such as Bim1 and Bik1, and the mitotic checkpoint proteins. Given that the majority of these proteins are conserved in multicellular eukaryotes, elucidation of their function will be critical to our understanding of MT attachments in various organisms. Advances in visualizing yeast chromosomes by live microscopy and kinetochore reconstitution in vitro will be the next steps in providing insight into how kinetochores attach to MTs in yeast.
Multicellular Eukaryotes: Proteins Important in MT Attachment
Although lacking the genetics afforded by yeast, vertebrate cell mitosis has the advantage of good cytology in which defects associated with inactivation of a specific protein can be visualized. Like in budding yeast, it is often difficult to elucidate the contributions of individual proteins to microtubule attachment because the protein(s) may play additional roles in kinetochore assembly or in spindle and checkpoint function, or because there may be redundant mechanisms for attachment. However, it is still possible to categorize three different classes of microtubule attachment defects that result from inactivation of kinetochore proteins ( Figure 5 ). The first two classes result in a failure of sister chromatids to congress properly to the metaphase plate. These two classes can be further distinguished by the status of the spindle checkpoint. Congression defects that activate the spindle checkpoint and cause a prolonged metaphase arrest are likely to assemble the kinetochore correctly (Class I). Cells with congression defects that do not activate the spindle checkpoint may not assemble the kinetochore properly and are, therefore, unable to trigger the checkpoint (Class II). Alternatively, these Class II defects may result from incorrect MT attachments to the kinetochore in a configuration that is not sensed by the checkpoint, or these defects may be corrected, thus preventing the cell from arresting in metaphase. The third class does not affect congression, but rather results in segregation defects with one or more lagging chromosomes (Class III). Although lagging chromosomes can result from a number of MT attachment problems, such as a kinetochore attaching to MTs from both poles, defects in bi-orientation of sister kinetochores, or a reduced number of MT attachments, the primary defects are still not known. In addition, defects in MT-kinetochore interactions during prometaphase can result in lagging chromosomes at anaphase. Here we focus on outer kinetochore proteins ( Figure 3B ), which are likely to directly facilitate MT interactions, rather than inner kinetochore proteins, which affect kinetochore assembly.
CENP-E, a plus-end directed kinesin-related motor that localizes to kinetochores, is the best studied protein whose inactivation causes a congression defect The emerging picture of MT attachment to the kineto-chore in multicellular eukaryotes is that a number of players are required to set up the initial attachment, and inhibition of these proteins causes defects in chromosome alignment. In the future, it will be critical to determine whether the kinetochore is properly assembled after inhibition of certain proteins. The apparent multiple functions of individual kinetochore proteins -involvement at congression and the checkpoint -and the multitude of proteins that function in a single process, suggest that chromosome attachment to the spindle involves an intricate web of many proteins, whose action must be temporally and spatially coordinated to achieve proper connections.
Error Correction
Because chromosome attachment to MTs depends on the coordination of the many events outlined above, it is amazing that the fidelity is so high. A major goal is to understand how the cell detects and corrects any errors in this process to ensure faithful segregation during every cell cycle. Although the checkpoint genes required to mediate cell cycle arrest have been identified, it is not known how the checkpoint corrects mitotic defects before allowing cell cycle progression. In addition, given the large number of proteins whose inhibition gives rise to congression defects that lead to segregation defects, it is clear that some attachment defects are not recognized by the spindle checkpoint. The cell cycle delay may allow attachment problems to be corrected, or instead, there may be active spindle repair mechanisms. Given that other checkpoints, such as the DNA damage checkpoint, employ repair mechanisms, it is possible that spindle repair mechanisms exist.
Recent data suggest that checkpoint proteins required for cell cycle arrest may also participate in correcting errors. In budding yeast, the Ipl1/Aurora protein kinase is required to detect and correct mono-oriented attachments that result in tension defects [ 
Concluding Remarks
Recently, there has been great progress in identifying new kinetochore proteins. However, we are just beginning to understand how these proteins assemble into the complex kinetochore and eventually mediate proper MT attachments. In the future, it will be interesting to know how much more complex the vertebrate kinetochore is compared with the yeast kinetochore, as the integration of the systems will ultimately lead to the mechanistic understanding of kineto-chore assembly and MT attachment. Continued genetic studies combined with the development of new assays, the the application of RNAi and microinjection techniques, as well as powerful biochemical studies should aid in rapid progress toward understanding MT attachments. Human centromere chromatin protein hMis12, essential for equal segregation, is independent of CENP-A loading pathway. J. Cell Biol. 160, 25-39.
